Introduction

0
The complex shape of a synovial joint is a vital component of its function; governing its range 4 1 of motion and capacity to efficiently transmit load. Congenital joint shape defects, such as 4 2 developmental dysplasia of the hip (DDH) increase an individual's risk of osteoarthritis (OA) 4 3 even if treated successfully; although some subtle forms of DDH can resolve spontaneously 4 4
[1]. DDH, caused by a shallow acetabulum leading to a joint prone to subluxation is 4 5 associated with factors that constrain foetal and postnatal movement including breech 4 6 1 6 degenerative [47] . Cyclical loading impacts the differentiation of cells, increasing Indian 3 8 3 hedgehog expression and stimulating chondrocyte proliferation [19] . Stretch also stimulated 3 8 4 the proliferation of immature chondrocytes, but not that of hypertrophic chondrocytes [48] . 3 8 5
Ultimately load appears to differentially regulate the behaviour of cells [18] . Thus 3 8 6 morphogenesis is regulated through a combination of intrinsic regulatory signals produced 3 8 7
by the tissue itself e.g. Wnt or Bmp signalling, and extrinsic signals produced by mechanical 3 8 8 stimuli. These extrinsic stimuli will in turn alter the expression of intrinsic regulators creating 3 8 9 a vicious circle of degeneration amplifying the original malformations. Thus the difference 3 9 0 between success and failure may be initially quite minor but could be exacerbated by this 3 9 1 "intrinsic-extrinsic" feedback loop. It also demonstrates that successful recovery is very 3 9 2 dependent on the individual, their specific cellular orientation, joint shape and mechanical 3 9 3 environment. This is corroborated by the long term prognosis of DDH which even after 3 9 4 treatment is variable [49] . 3 9 5
It is possible that higher vertebrates, which lack the regenerative capacity of zebrafish [50] , 3 9 6
would not respond as dramatically to the resumption of movement, though even in humans 3 9 7 cases of DDH can resolve spontaneously with no intervention [1] . As skeletal plasticity is 3 9 8 preserved in higher vertebrates we believe the zebrafish model could provide useful insight 3 9 9 into the mechanism regulating this plasticity. Using either anaesthesia or muscle ablation it 4 0 0 will be possible to target specific windows of plasticity during joint development and identify 4 0 1 what processes are disrupted and ultimately determine how some larvae are better 4 0 2 positioned for recovery, in the hope of identifying why the prognosis from some DDH 4 0 3 patients is so severe. Zebrafish were housed as previously described [51] . Animal experiments were approved by 4 0 7
Bristol University animal ethics committee and the UK Home Office. All transgenic and 4 0 8 1 7 mutant lines have been previously described: TgBAC(col2a1a:mCherry) hu5910 [52]; Myod fh261 4 0 9
[31]; Tg Fish were treated for 24 hours beginning 72 hours post fertilisation (hpf) and 96hpf, 48 hrs 4 1 4 from 72hpf, or 56 hours from 72hpf ( Fig 1E) with 0.1mg/ml MS222 (Tricaine 4 1 5 methanesulfonate)(Sigma), diluted in Danieau's buffer refreshed twice daily. Jaw position 4 1 6 was assessed daily between 5 and 7dpf ( Fig. 1C ) and the percentage recovery calculated 4 1 7 from at least 4 plates of 30 larvae. Tracked cohorts were imaged on 5 and 7dpf. 4 1 8
Live imaging 4 1 9
Larvae were sedated, embedded ventrally in 0.5% LMP agarose (Sigma) and fluorescence 4 2 0 visualised on a Leica SP8 system using a 10x objective. After imaging larvae recovered in 4 2 1 fresh Danieau's buffer. 4 2 2
Muscle Ablation 4 2 3
The Tg(smyhc:EGFP) transgenic line was used to visualise muscle position. Anaesthetised 4 2 4 3dpf larvae were mounted ventrally in 0.2% LMP agarose in Danieau's and adductor 4 2 5 mandibulae (AM) muscles bilaterally ablated with a 440nm nitrogen Micropoint laser 4 2 6 connected to a Zeiss Axioplan microscope. Ablation success was confirmed by imaging after 4 2 7 ablation. As smyhc:eGFP is expressed in slow fibres, the efficacy of laser ablation was 4 2 8 verified in 3dpf fixed larvae using fluorescent immunohistochemistry [58] Movies were taken as previously described [5] . Larvae were imaged at 30msec per frame for 4 3 2 500 frames and the number of mouth movements and jaw displacement was recorded. 4 3 3
Results were analysed by Anova (SPSS). 4 3 4
Analysis of shape variation 4 3 5
Changes to the Meckel's cartilage (MC) shape were quantified using two-dimensional (2D) 4 3 6 geometric morphometrics [16] . Outlines of the MC of 5dpf and 7dpf controls, anaesthetised 4 3 7 and ablated larva were digitised and analysed by non-parametric MANOVA (npManova) and were analysed [16] . Cell orientation and area were measured for a minimum of 6 joints per 4 4 6 condition at 5 and 7dpf [5] . Chondrocytes were subdivided into those located within 3 cell 4 4 7 widths of the medial or lateral side of the joint. Graphs were produced and analysed using 4 4 8 PAST [59] and PRISM (Version 7). 4 4 9 Sox10 Col2a1 colocalisation 4 5 0 Larvae carrying Col2a1:mcherry and sox10:GFP transgenes were anaesthetised for 48hrs 4 5 1 from 3dpf, allowed to recover, imaged at 5 and 7dpf and processed using a custom MATLAB 4 5 2 tool. Stacks were binarised using a threshold to remove background noise. The product of Representative confocal images of 5dpf recovered and subluxed larvae expressing 4 7 5
Col2a1:mcherry were converted into 3D finite element models for comparison with 4 7 6 previously published 5dpf control models using Hypermesh (Version 10, Altair Engineering) 4 7 7
[5].
A ll models had a Young's modulus of 1.1 MPa for the cartilage and 0.75MPa for the 4 7 8 interzone and mandibular symphysis, and poisons ratio of 0.25 [as described in 5]. Muscle 4 7 9 attachments were added to the FE-models for mouth closure (adductor mandibulae) and 4 8 0 opening (protractor hyoideus and intermandibularis) using confocal datasets for reference for 4 8 1 attachment sites (Fig S5 A,C Immobilisation of the mouse cruciate ligament also reduced its stiffness and peak force [64] . 4 8 7
The stiffness of the spring was reduced to 75% (1.3E-0.4 k N / m m ). Immobilisation disrupts 4 8 8 the definition of the interzone. While a clear interzone could be identified in control and 4 8 9 recovered images it was not possible to identify a clear interzone spanning the joint space in 4 9 0 the subluxed dataset, therefore the joint was modelled as a fusion with a collar of interzone 4 9 1 (Fig S5 O) . The geometrically linear models of approximately 2 million tetrahedral elements 4 9 2 were imported from into Abaqus FE-software (v6.14 Simulia, Dassault Systèmes), the spring 4 9 3 elements were assigned and the model was analysed (v6.10.2 Simulia, Dassault Systèmes). n / a . 
